The hydrologic variability greatly influences the structural components of wetlands that have a great bearing on habitats for avifauna, aquatic fauna including fish etc. This paper highlights the results of a study carried out to derive changes in open-water and vegetation, and also water balance for Nalsarovar Lake, Gujarat. . From this study it is evident that water level of about 9 m elevation at the end of the rainy season is found to be optimal for maintaining various habitats that in turn support the avifauna for the rest of the lean period.
INTRODUCTION
Wetlands are among the most productive ecosystems of the world. The interactions of physical, chemical and biological components of wetlands enable them perform multiple functions like water storage, storm protection and flood mitigation (Mitsch and Gosselink, 2000) . The wetlands like natural lakes, swamps, waterlogged area play very crucial role in avifauna life cycle. Thus, wetland management though requires many parameters, hydrology is the key factor. Remote sensing data has been widely used for mapping and monitoring of various structural components of wetland like water spread, aquatic vegetation, water quality etc (Prigent et al, 2001 , Ndirima, 2007 . Modelling of hydrological fluctuations, water balance of wetlands like lakes, eservoirs is also being attempted with advances in satellite remote sensing. This paper highlights the use of multi temporal remote sensing data and satellite derived digital elevation model to study the surface hydrological condition and its influence on various habitat types of avifauna in an important inland lake, which is a notified bird sanctuary in India.
STUDY AREA
Nalsarovar situated between 22 0 40'00"-22 0 52'00"N latitudes and 71055'00"-72 0 06'00" E longitudes located amidst the semi-arid lands of Ahmedabad and Surendranagar districts of Gujarat, India is the study site (Fig.1) . It falls in the 4B Gujarat-Rajwara biotic province of the semi arid biogeographical zone. Nalsarovar notified as a sanctuary under Wildlife (Protection) Act, 1972 ; is the largest wetland bird sanctuary in Gujarat. The avi-fauna habitat formation is highly dynamic due to changes in the water level and based on this water level and vegetation, eight habitat types have been identified (Anon., 1998 , Tatu, 1995 
DATA USED
The remote sensing data comprised cloud-free IRS LISS-III data closest to the last rainfall event of the season for 2002, 2003 and 2004 were used as reference. The eight-day composite reflectance data of MODIS Aqua pertaining to green, red, NIR, SWIR bands (500 m) from October 31 to March 30 for 2002-03, 2003-04 and 2004-05 were used to monitor the temporal changes in the wetland structural components. Actual Evapotranspiration (AET) products based on MODIS data of same period were also used.
The digital elevation data of Shuttle Radar Topographic Mission (SRTM) of NASA was used for elevation contour generation. The data is of 90 m resolution at the equator, with reported vertical error of less than 16 m (downloaded from USGS ftp site). These are available in both ArcInfo GRID and GeoTiff format to facilitate their ease of use in a variety of image processing and GIS applications. The version 4 available from August 2009 is used for this study. Field data was collected on various classes for thematic classification of remote sensing data. Sampled locations on water depth were also collected. Ancillary information on rainfall data, lake water use etc. were also collected. 
Derivation of Wetland Structural Components
Pre-processing of remote sensing data was done following standard techniques of geometric correction, reprojection to a standard coordinate system (Anon., 2005) , multi-date data registration, conversion of digital number to radiance. This was followed by generation of various indices images such as Normalised Difference Water Index (McFeeters, 1996) , Modified Normalised Difference Water Index (Hanque, 2002) , Normalised Difference Pond Index (Lacaux et al, 2007) and Normalised Difference Vegetation Index (Tucker and Sellers, 1986; Townshend and Justice, 1986) . These indices were then used to map the open-water spread, aquatic vegetation, terrestrial vegetation, muddy area etc as demonstrated by Murthy et al, 2009 . The work was carried out using ERDAS 9.2 image processing software.
Water Volume and Balance Estimation
For the computation of volume of the water in the lake, one requires the aerial extent and depth. Depth was derived in an indirect way using SRTM-DEM. First the Digital elevation of the land area surrounding the lake using SRTM-DEM was calibrated using linear regression between corresponding values of elevation for the common points in the SRTM-DEM and ground data (collected from various survey maps). Since, a very good linear relationship (R 2 =0.901) was obtained the SRTM data was used for the generation of elevation contours of the area.
Since, the SRTM-DEM does not give the elevation of water surface (shows no-data), the temporal change in the water spread boundary as derived from satellite data was used as elevation contour line, based on the assumption that the surface of water reaches the same height everywhere within the lake. GPS based point measurements for depth of the water were collected (during November 2005 to October 06, regularly for each month corresponding to water spread boundary) and used for the surface interpolation of bottom topography.
To account for the loss of water while computing the change in storage for water balance, actual evapotranspiration (AET) was computed using MODIS (Aqua) noontime optical and thermal data (Bhattacharya et al, 2007) .
Change in storage is calculated as: The volume of the water is computed for each dataset using the elevation information. Water balance (ΔS) is computed by subtracting the volume of S 1 from the reference volume (S r ) and also accounting loses due to actual evapotranspiration (AET). As other loses like use of water for irrigation, surface/subsurface flow were not physically measured in this study, the difference barring the AET is considered as other loses.
RESULTS AND DISCUSSION
The wetland boundary, open-water spread and aquatic vegetation (emergent) could be delineated using combinations of indices images (Fig. 2 ). It can be inferred that the flooding/inundation gradient influences the vegetation composition, distribution and growth patterns, as well as the extent of suitable foraging habitats for avifauna. Further, hydrology influences the physico-chemical and biological properties of the lake as well as macrophytes along with the fish and other animals that could be a source of food to certain avifauna. Hence, modelling the water balance is the best aid in the management of this rain fed natural Lake.
Inter-annual Changes
The water balance derived in this study for three years using LISS III data (2002, 2003 and 2004) 
Seasonal Changes
Lakes also are known to show seasonal dynamics. Since, this lake is a natural rain-fed lake; its water storage is in its peak during monsoon period (June-September). (2003, 2004) one observes a gradual increase from October early January and decrease there after. This was mainly due to the fact that the vegetation growth takes place in areas with receded water, and as the saturated areas start drying up after January with increase in temperature, the vegetation declines and reaches its minima by March end. However, in rainfall deficit year (2002), one observes gradual decrease of vegetation also.
MODIS

Water balance
Relation between the elevation and water spread area of the lake was found to be best explained by the logarithmic fit with R 2 =0.9489. The volume of water thus computed was converted to storage accounting for the AET and other losses. Results showed gradual decrease of water storage from October to March during all the years. However, the peak storage of the lake registered very significant reduction in the drought year. During 2002-03, which is one of the worst monsoon years, the storage during October (2002) Thus, one can infer that drastic seasonal reduction of water storage in the lake from post-monsoon to summer, strongly characterising the rain-fed water balance of this shallow lake. Since, the amount as well as depth gradient of water available in the lake is decisive in the modelling of optimal habitats of species of avifauna. Simulation of water spread using elevation contour of the lake was carried out. The results showed that beyond 10.5 m elevation, the lake water overflows into the Bhogava River through surface drainage present in the southern part of lake. Thus, water storage at about 9 m elevation at the end of the rainy season is optimal to sustain various habitats that support the avifauna for the rest of the season. If a canal is envisaged to join Nalsarovar Lake with the Sardar Sarovar Project Canal passing through the catchment is expected to bring certain positive impacts on the wetland i) Reduction in the salinity of lake water, ii) part of the lake would become perennial and iii) Increase in submergence area leading to conducive for prolonged development of habitats for certain species of waterfowl. Table- 
CONCLUSIONS
Following conclusions are drawn from the present study.
• The present study shows that various indices derived using multi spectral data can be used to map lake structural components like open-water, emergent vegetation with good accuracy.
• This paper highlights a methodology to derive depth contours of the lake using limited GPS based observation based on water spread extent observed in remote sensing data.
• SRTM DEM calibrated with known elevation points was useful in assessing the optimum storage requirement of the lake for avifauna habitat.
• High temporal MODIS data is useful in monitoring two important structural components viz open-water and emergent vegetation, which show a strong relationship to avifauna habitat of the Nalsarovar lake.
• The lake registered a significant change in the extent of open-water and emergent vegetation due to seasonal change within a year.
• Water extent at about 9 m elevation at the end of the rainy season is found to be optimal for maintaining various habitats that in turn support the avifauna for the rest of the lean period.
